Jack-ups are dynamically sensitive structures whose load response is dependent on the stiffness of 54 their large spudcan footings. Spudcans are roughly circular in plan with a sharp protruding spigot to 55 provide extra horizontal stability and to minimise lateral movement in the soil. Jack-ups perform 56 drilling in water depths of up to 120 m. At such depths, the magnitude of wind, wave and current 57 loads acting on the hull and three legs are substantial and cause large horizontal ( ) H and moment ( ) M 58 loads on the spudcan as well as changes in the vertical ( ) V . Understanding the bearing capacities of 59
In an attempt to ensure confidence when employing Model C in larger footings applications, Cassidy 98 (2007) verified components of Model C with centrifuge experiments on a flat circular footing. 99
Although, a similar yield surface shape was broadly observed, a complete VHM yield surface could 100 not be tested because only a fixed arm (pure horizontal translation) or a hinged arm (pure rotation) 101 were used (see details of the apparatus in Cassidy et al. (2004) ). Subsequently, Bienen et al. (2007) 102 conducted a series of centrifuge tests, also on a shallow circular foundation on sand, but in this case 103 only in the vertical-torsional loading plane. Following the same theoretical framework of strain-104 hardening plasticity, Govoni et al. (2010 Govoni et al. ( , 2011 investigated circular footings resting on medium 105 dense silica sand subjected to combined vertical, moment and horizontal loading and compared results 106 to existing data obtained at 1-g . Special emphasis was given to the embedment effect. However, only 107 two specific load paths were investigated, as the same fixed and hinged arms were used in this 108 experiment as in Cassidy (2007) . Cocjin and Kusakabe (2012) conducted a series of displacement 109 controlled vertical loading and swipe tests at various vertical load levels on a flat strip footing. The 110 study confirms that the deviatoric load capacity is highly dependent on the ratio of the vertical load 111 and vertical peak bearing capacity. However, only horizontal swipe tests were performed in their 112
study. 113
Although there is considerable experimental evidence from the small scale 1-g environment to 114 support the well-established strain-hardening plasticity models, no comprehensive centrifuge evidence, 115 to date, has been provided. This is because with only single or at the best two load paths, it is difficult 116 to establish any complete yield surface or flow rule in three dimensional space. Another restriction of 117 the previous studies is that the small-scale model being tested was a representative flat circular plate; 118 no model with an inverted conical spudcan shape has been studied. A summary of the major studies in 119 the framework of plasticity based force-resultant models is provided in Table 1 . 120 This paper details such a plasticity-based force-resultant model for spudcan footing on loose sand 122 with most of the model components developed from direct centrifuge observations. The experiments 123 were conducted at an acceleration of 100 times that of the Earth's gravity in the drum centrifuge at the 124 University of Western Australia (UWA) and is the first comprehensive centrifuge programme 125 investigating spudcan behaviours on sand in all VHM load directions. 126
Experimental setup 127
The sign convention for the loads and displacements adopted in this study follow the standardised 128 convention system proposed by Butterfield et al. (1997) 
135
The experiments were conducted at the UWA drum centrifuge, which has a swinging platform at a 136 radius of 0.6 m and a maximum rotational speed of 850 rev/min. The drum centrifuge consists of a 137 central tool table, driven by a Dynaserv servo motor, and a channel for sample placement, which are 138 able to rotate differentially. This creates relative motion between the sample and any tool connected to 139 the actuator, situated within the tool table. The soil channel containment area has width of 300 mm 140 and a depth of 200 mm. Details of this drum centrifuge are provided by Stewart et al. (1998) . 141
A recently developed VHM apparatus (Zhang et al. 2013 ) was used in the experiments. The 142 conventional drum centrifuge configuration only allowed for a setup direction perpendicular to the 143 vertical and horizontal plane on the footing ( w and u , respectively), thus only two degree-of-freedom 144 movement was available, as shown in Fig. 2 . A third degree-of-freedom movement was achieved, by 145 adding another actuator on top of the existing actuator and connected through linkage arms and hinges 146 (Fig. 3(c) ). This enables the footing to also rotate in-plane. 
149
The primary advantage of using this displacement controlled apparatus is the ability to apply any 150 combination of the displacement paths to the model footing using computer controlled actuators. This 151 series of movements were calculated in real time by a build-in-house programme developed with NI 152
LabVIEW interface (National Instrument Corporation 2003) . More details of the apparatus used in 153 this experiment can be found in Zhang et al. (2013) , Cheng et al. (2014) and Cheng and Cassidy 154 (2016) . Photos showing the VHM apparatus incorporated in the drum centrifuge are presented in a) The new VHM apparatus can conduct any specified combination of vertical, horizontal and 159 rotational movement with speeds ranging from 0.1 mm/s to 3 mm/s. 160
b) The new VHM apparatus has been equipped with modern inflight computers to ensure the 161 highest possible accuracy along with the minimum systematic lag. This is particularly 162 important for tests involving sequential movements, such as the swipe tests described in this 163
paper. 164
c) The new VHM apparatus has been retrofitted with enhanced mechanical systems. This 165 ensures the apparatus can be safely used in high stress testing environment so it is adaptable 166 to any soil. 167
Soil characterisation 168
The soil used in this study was a superfine silica sand used in numerous UWA studies. The physical 169
properties of the sand are listed in Table 2 (Cassidy and Cheong 2005) . 170 The sand sample was prepared using a rotating actuator to rain the silica sand into the rotating outer 172 channel of the drum centrifuge. The sample height was 140 mm and remained saturated with 20 mm 173 water above the surface throughout the test. A consistent relative density of 30-35% was interpreted 174 from 8 cone penetrometer tests (Fig. 4) using the procedure of Schneider and Lehane (2006) where 175 100 250 
181
Experimental plan
182
Five distinct types of footing tests were conducted in the experimental programme: vertical 183 penetration, vertical load-unload loops, swipe, monotonic radial displacement test and combined 184 radial displacement test. The vertical penetration tests were used to study the variation of the size of 185 the yield surface, 0 V , with spudcan penetration and the load-unload tests the relevant elastic behaviour. 186 Tan (1990) introduced the swipe test for a study of conical footings on sand under combined loadings. 187
In the swipe tests of this study, the footing was vertically penetrated to a prescribed depth where the 188 targeted stress level was achieved ( 350 ≈ kPa). Then, the footing was subjected to a series of 189 combined horizontal displacement and rotational excursions. Radial displacement tests were used to 190 investigate the flow rule, in which the footing was subjected to different combinations of vertical and 191 horizontal displacements or vertical and rotational displacements. It has to be noted that due to the 192 limited testing space, in the paper no yield surface variation with 0 V has been investigated. The 193 detailed experimental plan is listed in Table 3 . Vertical loading tests and swipe tests were already 194 presented in Cheng and Cassidy (2016) , where a comprehensive interpretation is also given in terms 195 of the determination of the yield surface and additional sliding surface. This paper is mainly relevant For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. Results and discussion
202
In the following section, the results from the experiments are described with respect to the four major 203 components required for the strain-hardening plasticity model. 204
Hardening law
205
The strain-hardening expression, known as the hardening law, is used to define the variation of the 206 size of the yield surface. For most shallow foundation models, the size of the yield surface is 207 reasonably deemed as a function of the plastic component of the vertical displacement (Gottardi et al. 208 1999; Byrne and Houlsby 2001; Cassidy et al. 2002a; Houlsby and Cassidy 2002) . One of the key 209 assumption of the strain-hardening plasticity theory is that when the footing is pushed into soil, the 210 shape of the yield surface is assumed constant; however, the size expands with the amount of plastic 211 For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. actual vertical displacement. If the form of the hardening law is known (such as Equation (2) removed, a function previously used to fit carbonate sand experimental data (Cassidy et al. 2002a ) 223 was again used here to fit a hardening law: 224
The best fit model parameters are found to be 278
significance is attached to this equation except that it represents a good fit to the vertical load-227 penetration response. Alternative expressions could also be appropriate. 228
Elastic stiffness 229 Increments within the yield surface are assumed to be elastic and follow: 230
where G is a representative elastic shear modulus and
constants for elastic behaviour within the yield surface, and ( dV , dM , dH ) and ( dw , dθ , du ) For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
vectors of incremental load and displacement respectively. The elastic coefficients have been defined 234 using finite element methods by Bell (1991) , Ngo-Tran (1996) and Doherty and Deeks (2003) , and 235 appropriate values for circular foundations, as listed in Doherty and Deeks (2003) Tan (1990) and Martin and Houlsby (2000) , swipe tests were used to explore the yield 247 surface shape. 
257
Each swipe test follows one particular 2 M RH ratio corresponding to one specific load path on the 258 yield surface. Fig. 7 presents all swipe tests collapsed into one three-dimensional space. It can be 259 observed that as moment increases (from SW1 to SW7), the sliding failure mechanism becomes more 260 pronounced. Cassidy (2007) For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. load-displacement curves. SW1 is a conventional, pure translation test, which can be observed from 271 most previous studies. It should be noted that the 2 : M R H ratio increases from test SW1 to test SW3. 272
In SW2 and SW3, after a certain point, V starts to increase rather than decrease as in test SW1. This 273 transition point varies depending on the 2 : M R H ratios which means both the horizontal load and 274 the moment load play an important role in determining this point. Gottardi et al. (1999) Table 4 along with the 285 parameters identified in the current study (through linear least squares fitting). 286 For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. 
292
The overall quality of the fitting was defined by introducing the quantity 293
. 294 Fig. 10 shows the load paths of all swipe tests projected onto the normalised :
V Q plane, validating the 295 best-fit parameters previously mentioned. It has to be noted that all the load paths that deviate from 296 the yield surface has been removed in this figure for data fitting purpose as Equation (6) 
299
When all swipe tests are plot in three-dimensional space, it becomes clear that the load paths that 300 diverge from yield surface lie on one surface. This surface could be described in the form of 301
by assuming a simple Coulomb failure criterion for pure shearing occurred beneath the footing. More 303 details of the formulation are provided in Cheng and Cassidy (2016) . The mobilised internal friction 304 angle φ during the centrifuge tests was determined from a iterative procedure developed by White et 305 al. (2008) . In this study, φ was estimated to be 34.3° (see, Cheng and Cassidy (2016) ). With φ 306 determined, the theoretical sliding surface is defined. (5)) and sliding surface (Equation (7)). The solid blackline 320 represents the model predictions with values greater than 0 while the redline represents those values 321 less than 0. Both lines were derived by solving Equation (5) and (7) simultaneously. 322 Fig. 13 shows the comparison between experimental measured swipe tests SW3 with the theoretical 323 yield surfaces proposed in previous studies along with the sliding surface derived above. Equation (5) 324 with the parameters derived in this study provides the best fit. Bienen et al. (2012) parameters slightly 325 under estimate both the horizontal and moment load capacities, while the parameters of Byrne and 326 Houlsby (2001) failed to exactly locate the transition point between surfaces of Equation (5) and (7). 327
It is interesting to note that after the transition point, the consecutive load path tracks along the sliding 328 surface resulting in an increase in vertical load. Cassidy (2007) to horizontal load due to the three-dimensional nature of the sliding surface. This is explained with the 332 data of this paper and the fit of Equation (5). 333 vectors are perpendicular to the yield surface, then associate flow is assumed. However, Gottardi et al. 339 (1999) found that for flat circular footings on sand the associated flow rule only models the ratios 340 between plastic displacements in the ( : 2 H M R ) plane but not in the ( :
Associated flow rule under-predicts the level of the vertical displacements in these deviatoric planes, 342 and this has been a consistent finding since, including in the experiments of Gottardi et al. (1999) ; 343 Houlsby and Cassidy (2002) , and . Houlsby and Cassidy (2002) and Cassidy et al. 344 (2002a) defined a non-associated plastic potential based on the yield surface shape, but defined as 345 As two different governing equations exist for describing yield surface (Equation (5)) and sliding 356 surface (Equation (7)), the load paths that were tracing two surfaces are divided into two sections and 357 were therefore analysed separately. If the associated assumption applies, according to plasticity theory 358 the ratio of plastic displacement to rotation on yield surface and sliding surface can be evaluated as 359 However a non-associated behaviour was observed on sliding surface as showing in Fig. 14(b) . For 366 the benefit of future modelling requirements, a plastic potential characterising the flow rule on the 367 sliding surface was proposed through a modification made to Equation (7) as 368
Similarly, λ and γ are the non-dimensional "association" factor, and 0 ' V is a dummy parameter. In 370 this study, the best fit non-dimensional association factors γ and λ were found to be tanφ and -0.5 371 respectively. This is shown in Fig. 14(b) . 372
On the : V H and : / 2 V M R planes, monotonic radial displacement tests were performed to evaluated 373 the flow rule. Further analysis of the experimental indicates that the associated assumption was not 374 supported in the deviatoric planes, therefore, Equation (9) In this paper, experimental results for an extensive research programme carried out in a drum 434
